Resonance Raman spectra of monolayers of transition metal phthalocyanines reveal specific interaction with the support. To elucidate its mechanism, Raman spectra of zinc phthalocyanine monolayers were studied. The analysis was based largely on the results of MNDO calculations. Calculated wavenumbers turned out to be in good agreement with the experimental results. It seems plausible that the a-nitrogen atoms dominate the interaction with the support. Calculation results also show that the usually assumed D,, geometry does not represent the true energy minimum but must be considered as the 'mean' of two mesomeric forms.
INTRODUCTION
Among the various modes of conversion of chemical energy into electricity, there is sustained interest in fuel cells operating at temperatures below 100°C. ' A major bottleneck in their development lies in the considerable overpotential that accompanies the electrochemical reduction of molecular oxygen. This overpotential can be reduced by the utilization of catalysts such as platinum. N,-chelates of first-row transition metal phthalocyanines (MPcs) and of the structurally related naphthalocyanines (MNPcs) may offer a substitute for platinum in the electrochemical oxygen reduction. Most promising in this respect are chelates of iron and cobalt .
From electrochemical experiments we know that the catalytic activity and stability of MPc and MNPc layers depend at least in part on the type of supporting materia12v3 and on the type of electrolyte anions., To optimize these effects, the mechanisms of these interactions have to be established. Raman and infrared (IR) spectroscopy are very well suited to this type of study. Resonance Raman spectra of ZnPc monolayers, adsorbed on gold, glass and glassy carbon, reveal differences that have been attributed to their interactions with the ~u p p o r t .~ It can be envisaged that this interaction occurs via the central metal ion or via the nitrogen atoms. The interaction of MPc films with the electrolyte anions possibly lowers the MPc molecular symmetry and consequently changes significantly the Raman spectrum.6
To interpret these differences, the normal mode analysis of MPc is indispensable. To account for possible symmetry changes, the analysis should include all Raman-, resonance Raman-and IR-active modes. Raman spectra of MPc have been already analysed by comparison with related compound^.^-^ Also, some * Author to whom correspondence should be addressed. ' and Bartholomew et al." employed a normal mode treatment of nickel ~ctaethylporphyrin,'~ which also includes A:, modes that are active in resonance spectra. Their assignments overlap to some extent with those of Melendres and Maroni,13 although there are differences that possibly originate from structural differences between phthalocyanines and porphyrins. 1 5 . 1 6 The ideal normal mode analysis, adequate to examine MPc-support interactions and possible effects due to redox reactions, should include both Raman-active and non-active vibrations of the phthalocyanine molecule. The quantum molecular orbital (MO) methods permit the calculation of all normal frequencies. In such calculations, the force constant matrix contains second derivatives of the energy with respect to all massweighted Cartesian coordinates (i.e. all force constants are included in the normal mode calculation). The eigenvalues of this matrix give the normal frequencies. The ab initio variants of the MO method give good results for both geometry and force constants calculations only if extensive basis sets are used (see, e.g., Ref.
17).
For a molecule as large as MPc, a reasonable ab initio calculation requires an unrealistic amount of computer time. Therefore, we have chosen a semi-empirical variant of the MO calculation. The semi-empirical hamiltonian is simplified in comparison with the ab initio hamiltonian. The MNDO and AM1 methods use the semi-empirical approximations to the least extent. Both MNDO and AM1 have been reported to give good results for geometry and force constant calculations.'*-'' Unfortunately, with the exception of zinc and chromium, MNDO and AM1 parameters for tran-sition metals are still not available. To overcome this difficulty, we studied zinc phthalocyanine (ZnPc) instead of iron or cobalt phthalocyanine, making use of the observation the peak positions in the Raman and IR spectra of MPcs do not depend strongly on the choice of the transition The ZnPc geometry was optimized by both MNDO and AM1 calculations. The normal mode analysis was based on MNDO alone. The average error of MNDO wavenumbers is about lo%, but for a particular molecule this error can be much larger (e.g. 20%).'' A detailed description of MNDO and AM1 methods can be found elsewhere.' 'L'~ In this paper, we compare our calculations and assignments with those of other
We also discuss the calculated deviation of the ZnPc molecule from the usually assumed square-planar (D4,,) structure.
Finally, we use our assignments to explain the spectral differences of ZnPc monolayers on gold and on glassy carbon supports. The interaction of electrolyte anions with the ZnPc molecule will be the subject of a separate paper.
EXPERIMENTAL
For the recording of IR and Raman spectra of ZnPc powder, we used the commercially available product as obtained.2s Monolayers of zinc and iiron phthalocyanine on glassy carbon and on gold were prepared by adsorption from solutions in concentrated sulphuric acid.
IR spectra of ZnPc in KBr pellets were obtained with a Fourier transform IR spectrometer .
Raman spectra were obtained with 514.5 nm radiation from an argon ion laser or with 660 nm line of a dye laser (Spectra-Physics Model 375B), operating with DCM dye. Spectra were recorded using either a scanning double monochromator (Jobiin-Yvon HGS) spectrometer (excitation at 514.5 nm) or with a confocal Raman microspectrometer (CRM)26-2' (excitation at 660 nm). The laser power at the sample varied from 2 mW (CRM) to 80 mW (scanning spectrometer). Peak positions are accurate within 2 cm-' for all Raman spectra.
RESULTS

Experimental
To compare calculated and experimentad wavenumbers, Raman and IR spectra ( Table 1) of ZnPc microcrystalline powder were recorded. Raman spectra were measured using two excitation wavelengths, 660 nm ( Fig. l) and 514.5 nm (Fig. 2) . The 660 nm line is in resonance with the Q absorption band. That at 514.5 nm does not coincide with either the Soret (ca 350 :nmZ8) or the Q band (ca 700 nmZ8).
Trends observed for p h t h a l o~y a n i n e s~~~~~~-~~ show that resonance Raman spectra excited in the Q absorption band contain larger contributions from the nontotally symmetric modes than non-resonantly excited spectra. Therefore, one would expect the spectra presented in Figs 1 and 2 to be different. In particular, the spectrum excited by 660 nm radiation ( Fig. 2) should contain a larger contribution from non-totally symmetric modes. Figs 1 and 2 indeed differ.
To reveal the support-phthalocyanine interaction, resonant-enhanced (660 nm) spectra of ZnPc and FePc monolayers on glassy carbon and on gold were recorded (Figs 3 and 4) .
Calculations
The MNDO and AM1 calculations were carried out with the program VAMP4,329 on a Convex computer. Both methods allow for the computation of the harmonic wavenumbers by diagonalization of the force constant (Hessian) matrix. Geometry optimization of ZnPc under the constraint of D4, symmetry yielded bond lengths and angles that are close to the experimental x-ray values, albeit that MNDO gave slightly better results than AM1 (Table 2) . Because of this and the fact that all other computation results of MNDO, AM1 and unrestricted HF-MNDO do not differ much, we shall restrict the discussion to the MNDO results.
The results depend on whether the D4h constraint is imposed or not. Under this constraint the set of eigenvalues of the Hessian matrix contains two identical negative eigenvalues. The two identical negative eigenvalues correspond to two vibrations of E , symmetry. The corresponding eigenvectors are presented in Fig. 5 and will be referred to as Q1 and Qz. The above nega- tive eigenvalues indicate that the square-planar ZnPc molecule will lower its energy by deforming along any linear combination of the vectors Q1 and Q 2 . We therefore examined the dependence of the electronic energy surface on these eigenvectors. The result of addition of only one eigenvector (Q1) is given in Fig. 6 . Addition of linear combinations of Q1 and Qz results in the 'sombrero'-shaped energy surface given in Fig. 7 . Inspection of the 'rim' of the 'hat' reveals four of shallow minima of equal depth. The conformations corresponding to the barriers in between those minima are, just like the D,, conformation in the centre of the 'hat,' unstable equilibrium points. The same (!;table) minima were found by unconstrained energy minimization, i.e. energy minimization without imposed D,, symmetry. In the conformations corresponding to those minima, the zinc atom is shifted out of the centre of symmetry but remains in the molecular plane (Fig. 8 ).
The energy surface described above is typical for nonrigid molecules30 such as ammonia. We shall use this well known example to explain our further calculations on ZnPc. The stable equilibrium geometry of ammonia has C,, symmetry. Deformation of the molecule along the symmetrical bending mode inverts the molecule to the second stable C," geometry. The transition state is flat and has D,, symmetry. Diagonalization of the Hessian matrix, corresponding to this transition state, will produce one negative eigenvalue; its eigenvector is the symmetrical bending mode. The energy surface as a function of this mode is similar to that of Fig. 6 . The strongly coupled, i.e. delocalized over many internal coordinates. Therefore, the mode description in Tables  3-5 gives groups of atoms which contribute most to the mode concerned.
-
We restrict the assignment of calculated Ramanactive vibrations ( A , , The average error of MNDO frequencies is lo%, but
for a particular molecule this error may be much higher (up to 20%). A number of MNDO studies have shown culated wavenumbers do not deDart much from the , ' Na',, second derivatives in both minima are equal and correspond to the symmetric bending modes of the stable conformations. Because of the low barrier between those conformations, the vibrational wavefunctions in different minima overlap. Exact vibrational wavefunctions will be linear combinations of these. The initial degenerate functions give rise to two states with slightly different energies; hence they give rise to the so-called inversion doubling in the vibrational spectrum. The ZnPc case is nearly analogous to that of ammonia. The main differences are that in ZnPc there are two unstable modes instead of one and that the barriers, including that in the centre, are extremely small (Fig. 7) . Owing to the latter, the overlap is large, and the Q1, and Q2 wavenumbers will differ strongly from those calculated from the second derivatives in the stable minima. The precise vibrational Hamiltonian (for Q , and Q, modes) is given in the Appendix.
The nuclear wavefunction of the lowest vibrational state of ZnPc is symmetrically distributed over the four stable minima in the 'rim' and so the molecule can be considered square-planar (D4,,) for all practical purposes.
Finally, we want to emphasize that the calculation results discussed above bear absolutely no relationship to the Jahn-Teller effect; the electronic ground state is non-degenerate and the energy difference between ground that first excited states is very large.
Analysis of vibrations
The possible 165 vibrational modes of the (D4,,) ZnPc molecule have the following representation : rvib = + 7B,, + 28E,. These modes can be divided into three categories : Raman-active modes, IR-active modes and modes that are neither Raman-nor IR-active (but they become active, as a result of an interaction with the support, if a distortion of the molecular symmetry occurs). The basic Raman selection rules allow A , , , B1,, B,, and E, modes in the normal Raman scattering.
The A,, modes occur in the resonance spectrum as a result of the vibronic coupling between two electronic excited states of p h t h a l~c y a n i n e .~' .~~
The IR-active modes have A,, or E, symmetry. The A t , , B,, and B,, modes are normally not observed in Raman or IR spectra. Tables 3, 4 and 5 give the calculated wavenumbers of the Raman-active, IR-active and non-active vibrations, respectively. The ZnPc vibrations are 14A1, + 13A2, + 14B1, + 13E, + 6A1, + 8A2, + 7B1, correct order. We assigned obskrved bands to the closest calculated (Raman-active) modes. We verified this treatment by comparison with spectra of other metal phthal~cyanines;~-'~ differences between relative intensities in spectra excited at 514.5 nm (Fig. 1 ) and 660 nm radiation (Fig. 2) served as additional information. The non-totally symmetric modes have large relative intensities in the spectrum excited by 660 nm radiation (see above). The proposed assignment is presented in Table 6 . do not agree in some respects but a certain 'density of modes' pattern is observed and this agrees with our calculation results. The majority of vibrational assignments indicate that the lowest wavenumber region (below 1000 cm-') is dominated by macrocycle motions. The macrocycle bending and in-phase movement of pyrrole groups have calculated wavenumbers we find the macrocycle bending mode at 238 cm-' ( v~~ B2,J and the in-phase translation of isoindole parts (pyrrole groups are included) at 293 cm-' (v, A,,). These vibrations are ascribed to bands observed at 226 and 254 cm-'. The pyrrole translation contributes also to calculated v 2 (Alg) and v16 (Big) modes, although benzene motions are significant. Both v, and v16 are assigned to the band observed at 588 cm-'.
The weak feature observed at 283 cm-' possibly corresponds to an out-of-plane deformation of the macrocycle (v46 E,). The E, modes are omitted in the existing normal mode assignments.'-' At first sight one might be surprised at the amount of benzene motion in the low-wavenumber modes (vl), but this can be understood once one realizes that it is the whole heavy isoindole part that is moving.
The relatively strong band at 468 cm-' is observed exclusively in the spectrum excited by 660 nm radiation (Q-band resonance). There are three calculated wavenumbers which can be assigned to this band: ~3 1 Bzg and v5, A2,. Both modes are delocalized over isoindole parts and N, bridges. Bovill et al." and Bartholomew et al." assigned this band to an A,, mode. The cartesian displacement vector for this mode closely resembles the vS7 in our calculation. Therefore, we assigned v57 to the 468 cm-' band, in spite of the fact that its calculated wavenumber (564 cm-') depart significantly from the experimental value.
According to our calculation, the two most intense bands (678 and 748 cm-') in the low-wavenumber region are strongly localized in the macrocycle part (v3, Mode descriptions given by other the lowest wavenumbers (200-300 ~r n -' ) . '~, '~ Am 0% 
H, C, out-of-plane
~1 7 ) . These vibrations contain large contributions from the nitrogen atoms. In the literature the 678 and 748 cm-' bands are ascribed to macrocycle,' pyrrole'0-'2 or to combined macrocycle-pyrrole motions.' Groups of weak bands around 830 and 1020 cm-' correspond to calculated wavenumber of E , and A,, vibrations. The series of bands between 1100 and 1200 cm-' contain mainly C-H in-plane bending modes. This spectral range was described similarly by Melendres and MaroniI3 and by Jennings et aL7
Jennings et al.,' in a study of Pc solid films, noticed that the spectral range between 1400 and 1450 cm-' depends on the Pc crystallographic form. According to Jennings et al.,' the spectral region under consideration involves mainly N, motions. Our calculation supports their assignment.
The description of the strongest band in the phthalocyanine spectrum (1508 cm-') is not straightforward. This band is often assigned to the totally symmetric C-C pyrrole and C-N, stretching.s*'O.l' In the analysis of Melendres and MaroniI3 this is C,-N, stretching and N-C-N bending modes. Our calculation reveals two vibrations around the wavenumber concerned: v9 (Alg) and ~2 4 (Big) involving pyrrole and benzene (C-C, C-C-C motions). The vibration, which closely resembles this, obtained by Melendres and Maroni13 was found at 1565 cm-' (vl0 A',) . However, the difference in wavenumber is considerable, and we have assigned vl0 to the 1508 cm-' band (together with v9 and ~2 4 ) .
The MNDO calculation reveals a number of modes between 1660 and 1780 cm-'. If one assume a 10% calculation error, these modes should be observed around 1600 cm-'. Raman spectra of ZnPc and other metal phthalocyanines reveal only weak bands around 1600 cm-', which can hardly fit the calculated wavenumbers, but the metal-free phthalocyanine spectrum' shows an intense band at 1610 cm-'. Also, spectra of porphyrins show a number of bands between 1550 and 1700 cm-' (e.g. Ref. 14). Furthermore the ~2 5 , v 2 6 and v 6 5 modes of ZnPc closely resemble the v l l , vlo and v19 modes of nickel ~ctaethylporphyrin.'~ For these reasons we consider that wavenumbers calculated between 1660 and 1780 cm-' should be assigned to weak bands around 1600 cm-'.
Existing normal mode treatments of porphyrins and phthalocyanines often emphasize the existence of A,,-B,, and AZg-B2, pairs of closely related vibrat i o n~. '~* ' '~'~ In A', and A,, species adjacent pyrrole rings vibrate in-phase, and in B,, and B,, species out-of-phase. The wavenumber separation is related to the contribution from the bridge atoms.14 Our calculation results yield similar pairs of vibrations. Among the A,,-B,, species these are ~1 -~1 5 , In the assignment of calculated infrared-active modes we used data for related MPcs.I2. 34 B y comparison of ZnPc spectra with those of related M P c s ' , ,~~ we found three bands of A,, symmetry in the IR spectrum, at 728, 878 and 1060 cm-'. The remaining bands were assigned to the closest calculated E , mode.
Support interaction
In Fig. 3 we present the Raman spectra of ZnPc (sub)monolayers adsorbed on gold and glassy carbon supports. Comparison of the 'ex situ' spectra [ Fig. 3(a) and (c)] shows differences in relative intensities, but differences in peak wavenumbers fall within the measurement error. The relative band intensities are altered in a similar manner when the ZnPc layers are immersed in an acidic solution [Fig. 3(b) and (d)]. We do not attribute these differences to orientation effects as the roughness of both supports is about the same; moreover, the intensity of the out-of-plane modes (e.g. observed at 827 cm-') is unaltered. Therefore, the changes in band intensities are possibly caused by an interaction with the support and/or the acidic solution. Table 7 gives Raman data for ZnPc on glassy carbon, on gold and on both supports in the presence of perchloric acid solution. To facilitate comparison we set the intensity of the band at 1141 cm-' at unity and calculated other intensities in proportion to that band. This particular band was chosen because it contains contributions of benzene and is unlikely to be influenced by an interaction with the support or the acidic solution. The most distinct differences between the spectrum of ZnPc on glassy carbon and on gold are found in the intensities of the 679 and 745 cm-' bands and in the shape of the overlapping bands at 1400-1450 cm-'. According to Table 7 , all these vibrations include nitrogen atoms, which suggest that these atoms take part in the interaction with the support. When the ZnPc layer absorbed on gold is immersed in perchloric acid solution, the peaks at 679 and 745 cm-' become weaker [ Fig. 3(b) ], which makes the spectrum similar to that observed on glassy carbon. When the ZnPc layer is immersed in pure water (pH = 7), no changes are observed. The change in intensity can only be brought about by the absorption of hydrogen ions on nitrogen centres.
The bands at 678 and 745 cm-' change most significantly on contact with acidic solution. The first band corresponds to the mode localised on fl-nitrogens (v3). The second band involves both N, and N, motions (vl,). Hence it is more likely that hydrogen ions are attached to N, than to N, centres.
The similarity between the spectrum of the layer adsorbed on glassy carbon and the layer on gold atoms are already attached to acidic surface groups. The effect of hydrogen ions adsorption is less prominent in the case of the overlapping bands between 1400 and 1450 cm-'; they remain characteristic for the type of the support. As these bands include contributions from Zn-N, stretching and from C,-N,-C, and N,-Zn-N, bending modes, we assume that their shape is determined not only by interaction of N atoms with the support or the solution but also by possible bonding to the Zn centre to the support. Since we have already concluded, that nitrogen atoms are involved in ZnPcglassy carbon bond, we assume that Zn centre takes part in the bonding of the ZnPc molecule to the gold surface. The spectra of iron phthalocyanine monolayers presented in Fig. 4 show similar features to that of zinc phthalocyanine, justifying our choice of ZnPc as the model compound for describing phthalocyanine vibrations.
CONCLUSIONS
Using the MNDO method, accurate results for geometry optimization can be obtained even for molecules as large as ZnPc. The in-plane deformation of the inner ring of the ZnPc molecule lowers the electronic energy. Because the energy gain due to this deformation is smaller than the zero vibrational energy, the ZnPc molecule cannot stay deformed : it oscillates between equivalent structures and the D,, symmetry is a transition point between them.
Vibrational wavenumbers found by MNDO are close to values obtained experimentally, the differences being of the order of 20-40 cm-' in the spectral region studied. This error is comparable to that of commonly used non-quantum methods. All modes are calculated, also those which are not observed in normal Raman spectra. The mode description obtained in this work agree in general with that published previously.
The calculation results are helpful in explaining the phthalocyanine-support interaction, because by selection of atoms taking part in the molecule-surface bonds, the influence of acid on the Raman spectra of phthalocyanine can also be explained. It has been established that the phthalocyanine molecule is bonded via nitrogen atoms with the glassy carbon surface. However, in case of the gold electrode, the nitrogen atoms d o not take part in the binding. Therefore, we assume that the phthalocyanine molecule interacts with the gold surface through the metal ion.
i.e. we assume that o3 ... oF are determined by the second derivatives in the direction Q3 . . . QF, and that w1 and o2 can be obtained by diagonalization of H2 . When V2(Q1, Q2) is not harmonic but is still isotropic, the function (A4) may still be a good basis. If we restrict the calculation to a finite set of functions, the parameter y can be used to optimize the basis, i.e., to minimize the energy. Because the hamiltonian will be finally block diagonal in this case, with one block for every m, we can use different parameters ym for different m.
We have calculated the matrix elements by writing H -Hharm + p e r t 2 2 -2 Using w = hy, the harmonic part is diagonal; matrix elements of HYr' have been calculated by means of a numerical integration.
